Abstract
I. Introduction
All building materials contain various amounts of natural radioactive nuclides. Materials derived from rock and soil contain mainly natural radionuclides of the uranium ( 238 U) and thorium ( 232 Th) series, and the radioactive isotope of potassium ( 40 K). In the uranium series, the decay chain segment starting from radium ( 226 Ra) is radiologically the most important and, therefore, reference is often made to radium instead of uranium. The knowledge of the natural radioactivity of building materials is important for the determination of population exposure to radiations, as most of the people spend 80% of their time indoors. High levels of radioactivity in construction materials can increase external and internal indoor exposure [1] . Ceramic tiles are one of the commonly used decorative building materials: they are made of a mixture of earthly materials that has been pressed into shape and fired at high temperature. They can be glazed or left unglazed. Based on the fact that the zircon is a common opacifying constituent of glazes applied to ceramic tiles and sanitary ware and is also used as an opacifier in porcelain tiles by incorporation directly into the mixture used for forming the body of the tile, ceramic tiles can show natural radioactivity concentration significantly higher than the average values for building materials [2] [3] [4] [5] [6] .
In this study, results of the activity concentrations of 238 U, 235 U, 232 Th, 226 Ra and 40 K measured in 16 samples of ceramic tiles, that are commercially available, are presented. Also, radium equivalent activity, the gamma-index, the indoor gamma absorbed dose rate and the annual effective dose due to external exposure were estimated to assess the potential radiological hazards associated with these building materials.
II. Materials and methods
Samples of 16 different ceramic tiles have been collected from local store. The investigated ceramic tiles (floor and wall) were imported from Croatia, Italy, Ukraine and Spain. The samples were crushed, sieved (mesh size 2 mm) and placed into the plastic box of 100 g. All samples were left for four weeks to reach radioactive equilibrium [7] and measured after that. The samples were counted using a high purity germanium detector (HPGe) with relative efficiency of 23 % and energy resolution of 1.8 
The specific activity, A, of the radionuclides in the samples was calculated using the following equation: (1) where N is count of the sample (imp), t -counting time (2) where LLD=2.71+ 4.65√B is the detection limit, B is background.
III. Results and discussion
Activity concentration of radionuclides detected in investigated ceramic tiles samples by gamma spectrometry is presented in [8] . The higher natural activity concentrations found in ceramic tiles can be explained through the amount of zircon added. For example uranium and thorium atoms are easily incorporated in the crystalline structure of the zircon; furthermore, zircon ores undergo an enrichment during sand processing which produces almost pure zirconium silicate. For these reasons zircon minerals, used in cermic industry, are usually included in the category of sources of technologically enhanced natural radioactivity [9] . Keeping in mind that the zircon is one component in the recipe for the production of ceramics it can be concluded that there are no legal restrictions in terms of radioactivity in circulation and use of the investigated materials only if 3% of the zircon is used [10] . Table  2 presents comparison with literature. Table 3 ). Gamma index must be less than 1.
If the values obtained for the gamma index recalculated through the equation (3) meet the requirements for interior, then the material can be used for exterior and low construction. Calculated values for gamma index are presented in Table 4 . As it can be seen from Table  4 , for three floor tiles from Italy this value exceed 1 for interior (values are 1.29, 1.00 and 1.13), but for exterior these values are 0.79, 0.65 and 0.72, so these tiles can be used for exterior and low construction. Also for two wall tiles from Spain and one wall tile from Croatia gamma indexes for interior are 1.05, 1.03 and 1.25, while for exterior they are 0.66, 0.66 and 0.82. Gamma index in these samples are higher than 1 because of higher concentration of 226 Ra. For the rest 10 samples gamma index for interior is less than 1.
Radium equivalent activity can be calculated using the following equation [16] : (4) It has been assumed that 370 Bq/kg of 226 Ra or 259 Bq/kg of 232 Th or 4810 Bq/kg of 40 K produces the same gamma dose rate. A radium equivalent of 370 Bq/kg in building materials will produce an exposure of about 1.5 mSv/h to the inhabitants [17] . All investigated samples presented Ra eq values lower than the limit of 370 Bq/kg (Table 4) , set in the Organization for Economic Cooperation and Development (OECD, 1979) report [1] 36-87 38-86 411-996 Greek [11] 58 46 409 Egypt [12] 126 72 300 India [13] 28 64 24 China [5] 73 62 480 Turkey [3] 70 62 477 Serbia [14] 72-122 59-79 723-1013 World [8] 50 50 500 [17] . Thus, all materials would not present a significant radiological hazard when used in constructions.
The absorbed dose rate in indoor air, Ḋ, was calculated using the equation (5) [18] . This equation is used to calculate the dose rate of material used in floor, ceiling and walls (all structures). (5) The estimated indoor gamma dose rate values for all investigated samples are shown in Table 4 . It ranges from 0.16 to 0.29 μGy/h.
To estimate the annual effective dose (D E ), one has to take into account the conversion factor from absorbed dose in air to effective dose. In the recent UNSCEAR 2010 reports [8] , a value of 0.7 Sv/Gy is used as for the conversion factor to convert absorbed dose in air to effective dose received by adults. The annual exposure time used is 7000 h. The annual effective dose in units of mSv was estimated using the following equation:
The obtained results for annual effective dose are presented in Table 4 and show that these values, ranged from 0.80 to 1.43 mSv.
IV. Conclusions
For each sample of floor and wall ceramic tile imported from different countries investigated in this study, the specific activity of U were determined by gamma spectrometry. The radium equivalent activity, the gamma-index, the absorbed gamma dose rate in indoor air and the corresponding annual effective dose have been determined to assess the radiological hazards from these building materials commonly used in Serbia. The results show that there are considerable variations in the measured concentrations of radionuclides in ceramic tiles originating from different areas. This fact is important from the point of view of selecting suitable materials for use in building and construction. Probably, the higher natural activity concentrations found in ceramic tiles is due to the amount of zircon added for glaze. 10 samples show gamma indexes lower than the limit for interior use, while 6 samples have gamma index higher than 1 for interior use, but for exterior, these values are lower than 1.The radium equivalent activity is within the limit set by the OECD. Calculated gamma dose rate ranged from 0.16 to 0.29 μGy/h while calculated annual effective dose ranged from 0.80 to 1.43 mSv. The obtained radium equivalent activity, the absorbed gamma dose rate in indoor air and the corresponding annual effective dose calculated based on the activity concentrations of 
